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ABSTRACT 
Soybean production has grown over the years and soybean has become one of the 
main crops in the world. Protecting and advancing soybean production has become a 
main goal for soybean producers and breeders. The following chapters look at the 
soybean-pest interaction for one of the leading soybean diseases called Fusarium 
virguliforme. that causes sudden death syndrome (SDS) in soybean, and potential genetic 
regions controlling seed quality traits. Chapter two compares Fusarium virguliforme, Fv 
inoculated fields vs non-inoculated fields for soybean agronomic and seed quality traits. 
SDS is one of the leading soybean pests in the United States. This study found an 
increase in seed protein content due to SDS, which has not previously been reported. 
Chapter three explores quantitative trait loci (QTL) in two soybean populations 
controlling the seed quality traits of germination, vigor, weight, protein, and oil content 
of Fv inoculated and non-inoculated environments. This study identified 168 QTL for 
seed quality of which many were novel QTL. Of these, there were 14 QTL identified for 
seed vigor and 54 for germination. To-date, published research shows that only three 
QTL have been identified for seed germination and no QTL for seed vigor in soybean 
have been previously reported. Chapter three also found different QTL expressions in the 
same genomic regions of the Fv inoculated and non-inoculated environments, which has 
not been reported. Seed oil, seed protein, and seed weight are important traits for 
consumers of soybean seed. Seed germination and vigor are important traits to producers 
of soybean. The QTL switching due to the Fv environments could give an idea of which 
genes are influenced by Fv. The results from this research help advance our knowledge in 
soybean-pest interactions and may be used to enhance world-wide production of soybean. 
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CHAPTER 1.    LITERATURE REVIEW 
Soybeans 
Soybean (Glycine max L. Merr) is grown in many regions around the world. Its seed is 
rich in protein and oil and they are used for end uses such as, livestock feed, human 
consumption, and industrial products. The United States (U.S.) is one of the leading soybean 
producers in the world. In 2016, 33.8 million hectares of soybean were planted in the U.S., 
amounting to 31% of the total crop area planted in the country (ASA, 2001).  
Glycine soja, wild soybean, originated in China approximately 5,000 years ago. The 
species was introduced into the US by Samuel Bowen around 1765. Palemon Dorsett and Bill 
Morse were plant experts and explorers working for the USDA in the early 1900’s. From 1928 to 
1931, Dorsett and Morse explored Japan, Korea, and China in search of soybean germplasm. In 
their four years abroad, they collected 4,451 different soybean germplasm lines which were lost 
due to poor preservation or seed deterioration. Only 945 of the original 4,451 remain and are still 
used by researchers and plant breeders today (Hymowitz, 1984).  
 
Soybean Seeds 
Seeds are important to mankind. They are the beginning of plant life, they preserve 
genetic information, and are the source of food to feed the world. A soybean seed is comprised 
of a seed coat and embryo (Singh, 2010). The seed coat is a barrier to protect the embryo from 
the environment (Souza et al., 2001). A soybean embryo is comprised of two cotyledons, radicle, 
hypocotyl, and epicotyl (Singh, 2010). Food reserves for germination are stored in the cotyledons 
of the embryo and are comprised of carbohydrates, oils, and proteins, which are metabolized 
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during embryo development (Copeland & McDonald, 2001). Soybean seed are an important 
source for worldwide oil and protein. 
 
Seed Oil 
Soybeans are amongst the highest producers of edible seed oil in the world. In 2016, 
soybeans accounted for 61% of the edible oil in the U.S., followed in importance by rapeseed 
(Brassica spp.) oil which accounts for 12% (ASA, 2001). Soybean oil is used to extract lecithin, 
make salad dressing, margarines, soap stock, shortening, and other industrial products. 
Extracting soybean oil is extracted by crashing seeds to form flakes, and then extracting the oils 
with hexane and purifying them through mechanical and chemical processes.  
Oil in seeds are made up of triacylglycerols (TAG) consisting of three fatty acids bound to a 
molecule of estered glycerol (Tzen et al., 1993). TAGs form oil bodies that are stored in the 
soybean cotyledons. The fatty acids in soybean include palmitic (11%), stearic (2%), oleic 
(20%), linoleic (64%), and linolenic (3%) acids. On average, soybean seeds consist of 20% oil of 
the total seed, which are broken down and utilized to supply energy to the developing embryo 
during germination (Copeland and McDonald, 2001). Soybean seed contain a large portion of 
sored reserves that is in the form of seed protein. 
 
Seed Protein 
Proteins are comprised of amino acids (National Research Council, 1989). Soybean seeds 
are high in protein compared to many other crops, and on average, consists of 40% of the total 
seed weight (Morrison, 1961; Singh, 2010). Protein bodies, or seed proteins, are stored in the 
cotyledons of the seed. Many of these protein bodies are inactive during seed desiccation and 
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used as food reserves during germination (Copeland and McDonald, 2001). Soybeans are 
primarily used as protein meal which is used to feed livestock. In 2016, soybeans accounted for 
71% of the world’s protein meal consumed (ASA, 2001). Soybeans are an important plant 
protein source around the world.  
 
Seed Quality 
Soybean seed quality is important for producers and farmers. Seed quality is defined as 
seed that is healthy, highly vigorous, genetically pure, and free from disease. Seed quality traits 
such as germination, vigor, seed weight, protein, and oil content also play an important role in 
the market value of a seed. Germination comprises the physiological processes following seed 
water imbibition and rehydration that initiate embryo development and ends upon protrusion of 
the embryonic axis (radicle) through the seed coat (Bewley, 2012). Seed vigor is the sum total of 
seed metabolic properties that contribute to expedited germination and seedling emergence 
(Hampton & TeKrony, 1995). High quality seed must contain enough food reserves (i.e. protein 
and oil) to produce a healthy, fast growing seedling before it is capable of utilizing nutrients 
from external sources.  
 Seed labeling laws for seed commerce in the U.S. and Canada mandate all seed sold to 
the market must be tested for seed germination and purity (AOSA & Yaklich, 2017). Other traits 
such as seed vigor also are tested but only seed germination, physical purity and date tested, in 
addition to crop name, variety name, lot number, brand and net weight, must be provided on the 
seed bag label (Federal Seed Act, 1940). Maintaining high quality seed is an important goal for 
producers of soybean seed. 
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Soybean Genome and Seed QTL 
Soybean is a diploid that has 20 chromosomes and a 1,115 Mb genome (Arumuganathan 
& Earle, 1991). The soybean genome was sequenced in 2010 using the cultivar ‘Williams 82’ 
(Schmutz et al., 2010). Soybean is believed to be an ancient polyploid that has undergone at least 
two rounds of genome duplications causing gene edits which helped form the cultivated Glycine 
max (L.) Merr. we use today (Shoemaker et al., 1996; Lee et al., 1999; Lee et al., 2001; Blanc & 
Wolfe, 2004; Schlueter et al., 2004). Sequencing the soybean genome has help researchers locate 
genomic regions controlling specific traits. 
Quantitative trait loci (QTL) are genomic regions were multiple genes controlling a 
specific trait reside. Many QTL have been identified in soybean, such as those for seed traits. 
Soybase is a website that contains genetic information about soybean. Soybase has > 240 QTLs 
for seed oil, protein, and seed weight. There are only three seed germination QTL identified in 
soybase, while QTL for seed vigor have not been identified (Grant et al., 2010).  
Composite interval mapping (CIM) has been a popular QTL mapping method. CIM 
attempts to locate individual QTL by controlling for noise from other markers not associated 
with the trait and combining interval mapping and multiple regression. A recent, more powerful 
method called inclusive composite interval mapping (IciM) has been adopted (Li et al., 2007). 
IciM selects markers associated with the trait using step-wise regression. The phenotypic data is 
adjusted based on the selected markers and then interval mapped for a given region. Future QTL 
methodology advances may include even greater statistically powerful methods. 
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Sudden Death Syndrome in Soybean 
Sudden death syndrome (SDS) of soybean has become an increasing problem in many 
geographical growing regions. It has been found in North America, South America, and most 
recently in South Africa (Roy et al., 1997; Wrather et al., 1997; Tewoldemedhin et al., 2015). 
There have been two different SDS species identified in north and south America. Fusarium 
tucumaniae is found in South America and Fusarium virguliforme (FV) is found in North 
America and South Africa.  
 In North America, SDS was first discovered in Arkansas by H. J. Walters in 1971 (Roy et 
al., 1997). However, M. C. Hirrel first documented this disease was first in 1983. Hirrel noticed 
extreme yield loss from plants expressing brown steam rot (Phialophora gregata) like symptoms 
(Hirrel, 1983). Plants infected with SDS rapidly defoliated and eventually died, which lead to the 
name “Sudden death syndrome”. Over the years, SDS became an increasing problem in most 
soybean growing regions of the United States and caused yield losses of 1.7 million tons in 
2014.In recent years, SDS ranked second among yield reducing soybean pests in the United 
States, after soybean cyst nematode (Heterodera glycines) (Bradley & Allen, 2014). 
 
Disease Epidemiology and Symptomatology 
 SDS is a soil-borne fungus that persists in the upper 15 cm of the soil (Rupe et al., 1999). 
It is an ascomycete that survives in crop residue as chlamydospores, in free soils as mycelia, or 
has been found in the cysts and eggs of the soybean cyst nematode (SCN) (Westphal et al., 2008; 
McLean, 1993). Plant infection begins as SDS cultures in the soil penetrate the roots of the 
soybean plant. Fungal hyphae colonize the vascular tissues and secrete phytotoxins into the plant 
which are translocated up to the foliar tissues by the plants vascular system. To date, four 
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phytotoxins produced by FV have been identified. The first phytotoxin identified was Radicicol, 
which caused necrosis and leaf curling (Baker and Nemec, 1994). The second phytotoxin was a 
17-kDa effector that caused chlorosis and necrosis of the soybeans cotyledons (Jin et al., 1996). 
Third, was the FvTox1 effector that caused chlorosis and fading chlorophyll (Brar et al, 2011). 
Another effector FvNIS1 was identified recently, which caused chlorosis and necrosis of the 
leaves (Chang et al., 2016). These phytotoxins are believed to disrupt the chloroplast in the foliar 
tissues of the plant leading to the symptoms associated with SDS. SDS-diseased plants express 
two types of symptoms, foliar and root. Foliar symptoms include yellowing, mottling, chlorosis, 
necrosis, cupping, wilting, defoliation, and eventually plant death. These symptoms are the most 
apparent of this disease and are monitored for disease presence in the field. SDS root symptoms 
include reddening and discoloration of the inner root, and blueish speckling on the outer root and 
stunted root growth. Root symptoms can appear as early as 3 days after infection, and foliar 
symptoms appear around R6 stage in soybean (Huang and Hartman, 1998; Leandro et al., 2012; 
Fehr et al., 1971).  
 
Influence of SDS on Plant and Seed 
SDS can reduce soybean yields as much as 80% by reducing yield components (Roy et 
al., 1997). Flowers, pods, partial pods, seeds per pod, seed weight, and seeds per plant are all 
negatively affected by SDS (Njiti, 1998; Hershman et al., 1990). However, plant height was 
unaffected (Hershman et al., 1990). 
Seedling and plant roots can be infected as early as six hours after inoculation in artificial 
conditions, and after 14 days in field (Navi & Yang, 2008; Njiti et al., 1997). Symptoms of foliar 
chlorosis can occur as early as 3 weeks after plant emergence. These early symptoms are visible 
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for only a few days but dissipate till later in the season. The SDS common symptoms reappear at 
R6 (Leandro et al., 2012). When SDS infects the plant early, the soybean plant is stressed 
through most of its life. 
There have been previous reports of SDS effecting soybean seed germination, vigor, and 
seed weight. Seed weight from SDS resistant and susceptible plants was reduced (Njiti et al., 
1998). Smaller and fewer seeds were produced from susceptible and moderately resistant 
soybean plants under SDS disease pressure (Rupe et al., 1993; Luo et al., 2000). Reduced seed 
germination and vigor were observed in selected plants expressing moderate to low SDS 
symptoms (Leitz et al., 1995). Reports of SDS disease pressure on seed traits such as oil and 
protein, and agronomic  
 
SDS Management 
 Using resistant cultivars is one of the few methods to control SDS. Management 
practices, such as planting date and tillage, can help control SDS. Late season planting in June or 
July, can reduce SDS infection of a field, but also reduce seed yield (Hershman et al., 1990, 
Wrather et al., 1995, De Bruin and Pedersen, 2008). Tillage also can help control the pathogen. 
Spores remaining in crop residue are buried and soil tillage helps plant develop deeper roots to 
escape the SDS (Vick et al., 2003, Roy, 1997). These management practices have shown some 
success in managing SDS, however, resistant cultivars have shown the greatest management 
potential (Lightfoot, 2015). 
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Thesis Organization 
This thesis set out to explore the effect SDS has on soybean seed and agronomic traits 
and to identify geomic regions in soybean controlling seed quality. Previous research indicates 
SDS may inconsistently affect soybean seed germination, vigor, and weight, but not plant height. 
Chapter two investigates how SDS affects seed germination, vigor, weight, oil, and protein, and 
plant height, lodging, and maturity. Genomic regions controlling soybean seed protein, oil, and 
seed weight have been well documented. However, very few QTL for seed germination and none 
for seed vigor have been found. Chapter three explores the soybean genome in two recombinant 
inbred line populations over two years in search for QTL for the seed quality traits germination, 
vigor, weight, protein, and oil content. Chapter three reports novel QTL for seed quality. 
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CHAPTER 2.    SOYBEAN [GLYCINE MAX (L.) MERR.] SEED PROTEIN 
CONTENT INCREASED UNDER SUDDEN DEATH SYNDROME (FUSARIUM 
VIRGULIFORME) PRESSURE 
Abstract 
Soybean [Glycine max (L.) Merr.] sudden death syndrome (SDS) causes millions of 
dollars in yield loss annually. The causal pathogen is a soil-borne fungus, Fusarium virguliforme 
(Fv), which attacks soybean roots, leading to foliar chlorosis and necrosis, reduced plant 
productivity and plant death. The objective of this study was to evaluate the effect of Fv pressure 
on seed quality and agronomic traits. Two recombinant inbred line populations segregating for 
SDS resistance were planted in Fv-inoculated and Fv non-inoculated fields over two years. 
Disease incidence, disease severity, plant height, lodging, and maturity data were collected for 
each plot. A disease index was calculated for each plot by using the ratio of disease incidence to 
disease severity scores. The seed-quality traits of germination, vigor, seed weight, protein, and 
oil, were evaluated on seeds harvested from these plots. Seeds from Fv-inoculated fields had 
significantly greater seed protein content that those from non-inoculated fields. All other seed 
and agronomic traits measured were not significantly different. To our knowledge, these findings 
are the first indicating that Fv pressure increases seed protein content and does not negatively 
affect seed quality. These results are important to soybean seed producers because, even though 
under Fv pressure seed yields are reduced, soybean seed quality remains unaffected. 
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Introduction 
Soybean [Glycine max (L.) Merr.] is grown worldwide and is a major crop in the United 
States. In 2016, the United States planted 33.8 million hectares producing 117.2 million metric 
tons of soybeans (ASA, 2017). Soybeans are used mainly for their oil and protein content, and 
for other industrial uses such as plastics and inks. The soybean crop accounts for 61% and 71% 
of the world’s oilseed and protein meal, respectively (ASA, 2017). Soybean seeds are made of 
approximately 20% oil and 40% protein, making them ideal for oil and protein use (Copeland 
and McDonald, 2001).  
The seed market is highly competitive. Seeds must be of high quality to be marketable. 
Seed quality is defined as the genetic and physical purity of a seed lot, and the physiological 
attributes of germination and seed vigor. High-quality seed are genetically and physically pure, 
germinate at least 90% under ideal growing conditions, and are highly vigorous (Delouche, 
2016). Seed producers routinely test seed lot quality before seed is sold to growers. Many 
environmental factors throughout the growing season, such as disease pressure, can influence the 
quality of a seed lot. 
Soybean sudden death syndrome (SDS) is a soybean disease caused by Fusarium 
virguliforme (Roy et al., 1997). It was discovered first in Arkansas in 1971 by H. J. Walters and 
since has spread to Mississippi, Tennessee, Kentucky, Indiana, Wisconsin, Michigan, Missouri, 
Illinois, and Iowa (Leandro et al., 2012). SDS infects and secretes toxins into the soybean plant 
through the roots (Navi & Yang, 2008). The toxins are translocated upward into the leaves 
causing chlorosis, necrosis, foliar mottling, and eventually plant death. SDS caused an estimated 
yield loss of 1.7 million tons in 2014 and is ranked as the second most devastating yield-reducing 
pest in the United States (Bradley & Allen, 2014).  
Managing SDS can be difficult, and most strategies lead to mixed results. Some studies 
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show tillage can reduce the incidence of SDS, while others show an increase in SDS (Westphal 
et al., 2008). The results from crop rotations show similar discrepancies (Rupe et al., 1997; Von 
Qualen et al., 1989; Leandro et al., 2012). Delayed planting can reduce SDS but also can reduce 
yields (Hartman et al., 2015). Mueller et al. (2011) found that using a chemical seed treatment 
reduced SDS symptoms. However, most chemical controls have been unsuccessful (Hartman et 
al., 2015). Breeding soybeans for SDS resistance is the most promising approach (Lightfoot, 
2015).  
SDS can decrease soybean yields as much as 80% by reducing yield components (Roy et 
al., 1997). The production of flowers, pods, partial pods, seeds per pod, seed weight, and seeds 
per plant were all negatively affected by SDS (Njiti et al., 1998; Hershman et al., 1990). 
However, Hershman et al. (1990) reported that plant height was unaffected by SDS disease 
pressure.  
 SDS disease pressure also has detrimental effect on seed traits such as germination, 
vigor, and seed weight. Symptomatic plants in resistant and susceptible groups had reduced seed 
weights (Njiti et al., 1998). Susceptible ‘Lee 74’ (Caviness et al., 1975) and moderately resistant 
‘Pioneer 9492’ had smaller and fewer seeds under SDS disease pressure and, under certain 
environments, ‘Lee 74’ also may have reduced germination (Rupe et al., 1993; Luo et al., 2000). 
The seed germination and seed vigor from plants with moderate to low SDS symptoms was 
lower than from healthy plants (Leitz et al., 1995). However, the effect of SDS disease pressure 
on seed traits such as oil and protein, and on some agronomic traits such as lodging, and maturity 
have not yet been reported. 
Our objective was to compare the effect of Fv on seed and agronomic traits of two 
soybean recombinant inbred line populations segregating for SDS resistance. We compared Fv 
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inoculated and Fv non-inoculated fields to assess the impact Fv has on seed germination, vigor, 
weight, protein, and oil, and the agronomic traits of plant height, lodging, and maturity over two 
field seasons. 
 
Materials and Methods 
Plant Material 
Two soybean recombinant inbred line populations, AX19286 (A95-684043 x LS94-3207) 
and AX19287 (A95-684043 x LS98-0582), were used in this experiment. Both populations are 
random, unselected populations and were in the F8:9 generation during the two years of this 
study. They both include lines segregating for both SDS and SCN resistance genes obtained from 
the parents A95-684043, LS94-3207, and LS98-0582. Both populations share the parent A95-
684043, which is an F4 selection from Jacques J285 x [Archer x (Cordell x Asgrow A2234)] 
developed at Iowa State University (Cianzio et al., 2002). It belongs to maturity group 3 and is 
high yielding, resistant to SCN, and moderately resistant to SDS. Parent LS94-3207 of the 
population AX19286, is an F5 selection of ‘Pharaoh’ x ‘Hartwig’ developed at Southern Illinois 
University (Schmidt & Klein, 2004). It belongs to maturity group 4 and has resistance to SCN 
and SDS. Parent LS98-0582 of the population AX19287, is a selection from Northrup King S46-
44 x Asgrow A4138 developed at Sothern Illinois University (Bowers and Russin, 1998). It 
belongs to maturity group 4 and is resistant to SCN and SDS.  
 These populations, AX19286 and AX19287, consisted of 200 genotypes. However, to 
match the growing season in Iowa, a subset of genotypes from each population was selected 
based on their individual ‘days to maturity’. After selection, AX19286 consisted of a subset of 
110 genotypes, and AX19287 consisted of a subset of 145 genotypes. ‘Check’ SDS resistant and 
susceptibility cultivars were used to assess the disease pressure. ‘Ripley’ was used for the SDS-
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resistant check, and ‘Spencer’ for the SDS-susceptible check (Cooper et al., 1990; Wilcox et al., 
1989).  
 
Inoculum preparation 
Fusarium virguliforme (Fv) isolate NE305 was maintained on potato dextrose agar (PDA, 
Difco Laboratories, Detroit, MI) under continuous florescent lighting at 24 ± 2°C. Two weeks 
before preparing inoculum, new cultures were grown by transferring long-term storage cultures 
onto fresh PDA. Fv inoculum was prepared five weeks before planting. Mason jars 1.89L in size 
were filled with 750g of sterile white sorghum (Sorghum bicolor L. Moench). Sterile distilled 
water was added to the jars, and sorghum was allowed to imbibe water overnight. Jars were 
drained and autoclaved twice at 24h intervals to ensure sterile conditions. Sterile sorghum was 
inoculated with seven plugs (7-mm diameter) from PDA-prepared cultures. The Fv was allowed 
to grow on the sorghum for two weeks with daily shaking to ensure uniform growth. The Fv-
infected sorghum was spread out on paper and dried at room temperature (25 ± 2°C) inside a 
fume hood.  
 
Field design 
Four field sites were used in this experiment over two years. Each year, one field was Fv 
inoculated and a separate field was not Fv-inoculated. The same subset of genotypes of 
AX19286 and AX19287 were planted each year in both fields. The non FV-inoculated fields 
were planted in an SDS-free area to avoid unwanted disease presence. Fv-inoculated field plots 
were located in Fruitland, IA in 2016 and Ames (Iowa State research farm, Hinds), IA in 2017. 
The soil in the Fruitland field was Toolesboro sandy loam and the field was located at 41.355273 
°N, -91.142143 °W. The Hinds field in Ames had Spillville loam soil and was located at 
 19 
42.061763 °N, -93.61692°W. Fv non-inoculated field plots were located in Ames (Iowa State 
research farm, Bruner), IA in 2016, and Leighton, Iowa in 2017. The Bruner field in Ames 
consisted of Nicollet loam soil and was located at 42.0137478 °N, -93.7288892 °W. The field in 
Leighton consisted of Givin silt loam and Mahaska silty clay loam soil and was located at 
41.3051853 °N, -92.8336297 °W. Plots consisted of four 3-m-long rows separated 0.76 m 
between rows, and 0.91m alleys between plots. A total of 320 seeds were planted per plot and 
200 ml of the dried Fv-inoculated sorghum was planted directly with the seeds in the inoculated 
fields. Populations were planted in blocks within a location with two blocks per location. 
‘Ripley’ and ‘Spencer’ checks were randomly planted in each block. Irrigation was used both 
years in the inoculated fields and turned on twice a week to achieve per week, 51 mm of water.  
 
SDS field ratings 
SDS was evaluated when ≥50% of plants in a plot reached the 6.2 reproductive (R) stage 
(Fehr, 1971). Plots were rated for disease incidence and disease severity. Disease incidence was 
scored based on the percentage of plants in a plot expressing SDS symptoms, 0% (no disease) to 
100% (all plants were symptomatic). Disease severity was scored only on the symptomatic plants 
in a plot and assigned a disease severity score from 1 – 9 based on chlorosis and necrosis of the 
leaf tissue: 1 – 1-10% chlorotic (1-5% necrotic), 2 – 10-20% chlorotic (6-10% necrotic), 3 – 20-
40% chlorotic (11-20% necrotic), 4 – 40-60% (21-40% necrotic), 5 – >60% chlorotic (>40% 
necrotic), 6 – 1/3 defoliation, 7 – 2/3 defoliation, 8 – > 2/3 defoliation, 9 – premature death. For 
each plot, the disease index (DX) was calculated by (disease incidence * disease severity)/9 
(Njiti et al., 1996). Fields that were Fv inoculated were considered diseased and non-inoculated 
plots were considered non-diseased. 
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Agronomic traits 
Agronomic traits were measure on mature plants at the end of the growing season. 
Maturity was recorded as the number of days after August 31 when 95% of the total pods in a 
plot reached mature pod color. Height was measured from the base of the plant to the upper most 
node. Lodging was rated on a scale from 1 to 5, where 1 indicated most plants were erect, and 5 
indicated all plants were prostrate.  
 
Seed quality 
Seed from the two inner rows for each plot was collected using an Almaco SPC40 
combine. Seed oil and protein content were analyzed on the bulk seed collected per plot using a 
near infrared Infratec 1229 Grain Analyzer (Foss Tecator AB, Hoganas, Sweden). Seed oil and 
protein content was normalized to 13% moisture and expressed as a percentage. Seed weight was 
measured for 100 randomly selected seed per bulk plot sample. Germination and vigor were 
tested using the rolled paper towel method using 50 seed collected from the seed weight sample 
(AOSA Rules for Testing Seeds, 2017). Paper towels (30.5cm x 61cm) were submerged in tap 
water to saturation and then pressed between two boards to remove excess water. C-clamps were 
used on both sides of the boards to obtain even distribution of pressure. Substrate moisture level 
was tested by pressing a finger on the substrate to ensure water did not pool at the indention 
(AOSA, 2017). Fifty seeds per sample were planted on top of two paper towels and covered with 
a third. The paper towels were rolled and placed into a bucket. Plastic bags were placed over the 
bucket to retain moisture. Buckets were placed in a dark chamber at 25°C for 7d.  
Seedlings were evaluated according to AOSA Rules for Testing Seeds (2017). 
Germination percentage was calculated using (normal seedlings 50-1) * 100. Seed vigor was 
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assessed by using the seedling dry weight test from the Seed Vigor Testing Handbook (Baalbaki 
et al., 2009). The cotyledons from normal seedlings were removed with a razor blade and the 
remaining seedling structures were placed in a coin envelope. Envelopes were dried in an oven at 
80°C for 24h. Dry weights were recorded, and an average seedling weight was calculated using 
dry weight normal seedlings-1. 
 
Statistical analysis 
Experimental data were analyzed using R 3.2.3 Software (R Core Team, 2015). R 
packages ‘lme4’ were used to assign random and fixed effects for our model and ‘lmerTest’ was 
used to get p-values from ‘lme4’ (Bates et al., 2014; Kuznetsova et al., 2017). Populations were 
kept separate for analysis and subjected to the mixed model consisting of:  
Ŷ = Year + Disease + Year * Disease + Years (Blocks) * Disease + Genotypes + 
Genotypes * Years + Genotypes * Disease + Genotypes * Year * Disease + 
Genotype * Year (Blocks) * Disease (Error)  
 
 Disease (FV-inoculated or non-inoculated) was the only fixed effect used in this model, 
all other variables were considered random. To determine if a trait for an individual population 
was significantly affected by the disease, we evaluated the P-value of disease which used year x 
disease for its error term.  
To evaluate the effect of the disease pressure on agronomic and seed quality 
characteristics for both populations and years, a t-test comparison was performed between means 
for Fv-inoculated and non-inoculated fields. 
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Results 
When the full model was used to analyze the data set, there were not significant (P < 
0.05) differences between years for either population except for seed protein content in 
AX19286, which was higher in FV-inoculated fields (Table 1). SDS symptoms developed in the 
inoculated field but were absent from the non-inoculated fields (Figure 1). The mean disease 
index for the inoculated fields was 7.04 and ranged from 0 – 35.56. The disease index in the 
inoculated fields ranged from 0 – 35.56 for population AX19286, and from 0 – 33.33 for 
population AX19287. Resistant ‘Ripley’ did not express SDS symptoms in either the SDS 
inoculated or non-inoculated fields (Figure 1). Susceptible ‘Spencer’ expressed SDS symptoms 
in the inoculated fields but not in the non-inoculated fields (Figure 1). ‘Spencer’ had a mean 
disease index in the inoculated fields of 17.46 and ranged from 1.11 – 26.67. 
When a t-test was performed between the means for each agronomic and seed quality 
traits for Fv-inoculated vs the non-inoculated fields, there was a significant difference (P <0.05) 
for mean seed protein content (Figure 2). All other traits were not significantly different (P 
<0.05). The seed protein content overall mean for Fv-inoculated fields was greater than for the 
non-inoculated fields (Figure 2). 
 
Discussion 
Phenotypic plasticity helps plants adapt to changes in their growing environment (Sultan, 
1995). An example is soybean plants exposed to drought. Soybean cultivars that normally would 
not produce hard seed may produce hard seed under drought conditions (Vieira et al., 1992). 
Hard seed is a type of seed dormancy characterized for the presence of an impermeable seed coat 
that blocks seed imbibition and thus seed germination (Potts et al., 1978). The increased 
production of hard-seeded soybean reduced seed deterioration rate, increased seed longevity, and 
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delayed germination (Bass, 1980). Plants produced hard seeds as a way to adapt and outlive the 
drought and to ensure survival.  
In our study we determined, for the first time, that seed protein increased in response to 
SDS pressure. Other studies have reported that biotic and abiotic stress can increase seed protein. 
Beckendorf et al. (2008) found that as soybean aphid (Aphis glycines Matsumura) feeding 
increased, so did soybean seed protein content. Abiotic environmental stressors such as drought 
also caused an increase in soybean seed protein (Dornbos & Mullen, 1992). These findings 
suggest that an increase in seed protein may be a survival response to a stressful environment. 
Under stressful conditions, plants increased production of antioxidant enzymes that interact with 
plant proteins (Sajedi et al., 2011). The production of the amino acid proline increased in plants 
growing under stressful environmental conditions (Verbruggen & Hermans, 2008). Proline helps 
control reactive oxygen species produced in plants under stress. Biological pathways involved 
with plant proteins also changed in these plants under stress (Cheng el at., 2002; Bailly, 2004; 
El-Maarouf-Bouteau & Bailly, 2008; Li et al., 2009). Because SDS is one of the top soybean 
pests in the US, and seed protein is important for many users, further research should be 
conducted to discern the effect of SDS on seed protein in other disease tolerant populations.  
In our study, we observed an increase in seed protein content due to SDS but did not 
observe an increase in seed vigor. These results were unusual. Generally, higher seed protein 
content is associated with greater seed vigor. Seed protein and seed vigor have been reported to 
increase simultaneously in other crops such as corn (Zea mays) (Munamava et al., 2004), wheat 
(Triticum aestivum) (Ries, et al., 1970), oats (Avena sativa) (Schweizer & Ries, 1969), and 
French beans (Phaseolus vulgaris) (Ries, 1971). Seeds with higher protein content produced 
more vigorous plants compared to seed of lower protein content (Lowe & Ries, 1972). In our 
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study, seed protein increased while seed vigor did not change. The low disease pressure observed 
in the Fv inoculated fields could have affected a lack of simultaneous response. 
Another surprising result was that seed germination and vigor were unaffected by disease 
pressure. These results indicated that when soybean plants are infected by SDS, they have the 
ability to adapt to SDS disease pressure, possibly showing an example of phenotypic plasticity. 
Even though fewer seed per plant were produced under SDS pressure, those seeds were of good 
quality. Our results contradict previous findings (Leitz, 1995; Rupe et al., 1993). Rupe et al. 
(1993) reported a decrease in seed germination for SDS-susceptible ‘Lee 74’ and a population 
expressing SDS symptoms; while Leitz (1995) observed changes in seed vigor for SDS resistant 
plants grown in a greenhouse environment. In contrast, our study evaluated recombinant inbred 
line populations of SDS resistant genotypes grown under field environments. These different 
growing environments and levels of SDS resistance could explain why we did not observe 
changes in seed germination or seed vigor under SDS disease pressure. Knowing how SDS 
affects seed germination and vigor is important to soybean seed producers. 
This study also found that seed germination, vigor, and seed weight in Fv-inoculated 
fields were not significantly different from not-FV-inoculated fields which also contradict prior 
reports (Rupe et al., 1993; Njiti et al., 1998; Leitz et al., 1995). These findings are encouraging 
because they may indicate our soybean recombinant inbred line populations are capable of 
producing high quality seed under SDS disease pressure. 
 The agronomic traits of plant height, lodging, and maturity surprisingly were unaffected 
by SDS. We expected these traits to be influenced by SDS based on the epidemiology of this 
disease. SDS attacks soybeans through the roots, causing root necrosis, root-rot, and reduced root 
mass (Roy et al., 1997; Rupe, 1989). The stressed root system should have caused an increase in 
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lodging due to weaker root systems and deficient anchoring of the plant to the soil. The stressed 
root system should have impaired translocation of nutrients, magnifying the stress and 
potentially leading to earlier maturity. Early-maturing plants may also be relatively short. Lee et 
al. (1996) found a positive relationship between plant height and maturity QTL, signifying that 
early-maturing plants are shorter than later maturing plants. We did not observe agronomic 
performance differences in these populations. One possible explanation is that these populations 
have varied levels of SDS resistance, and thus are not significantly affected by disease pressure. 
However, a further characterization of the impact SDS has on soybean roots and its potential 
consequences to plant architecture should be studied.  
This study found that SDS pressure increased seed protein which has not been reported 
previously. SDS negatively affected seed yield but seed quality and other agronomic traits were 
unaffected. These results are important to producers and growers of soybeans. An unexpected 
occurrence of the disease will negatively affect the amount of seed produced but not its 
nutritional value or its seed germination and vigor.  
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Tables and Figures 
 
Table 1. Average seed germination, vigor, weight, protein, and oil for populations AX19286 and 
AX19287 and standard deviations between Fusarium virguliforme inoculated and non-inoculated 
environments. 
 Inoculated  
Non-
inoculated 
Trait/Population Mean StdDev  Mean StdDev 
Germination (%)      
AX19286 85.76 13.27  84.82 13.74 
AX19287 76.42 17.52  73.83 24.70 
Vigor (mg)      
AX19286 32.00 5.16  33.00 4.38 
AX19287 32.38 5.36  32.45 5.10 
Seed weight (g)      
AX19286 14.55 1.78  15.22 1.78 
AX19287 15.44 1.75  15.85 2.30 
Protein (%)      
A95-684043 35.49 1.29  34.10 1.59 
AX19286 35.87 1.46  34.46 1.46 
AX19287 35.87 1.52  34.54 1.28 
Oil (%)      
AX19286 18.57 0.71  19.22 1.16 
AX19287 18.96 0.75  19.53 0.97 
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Figure 1. Mean disease index values for genotypes of population AX19286 and AX19287, SDS 
resistant ‘Ripley’, and SDS susceptible ‘Spencer’ over two years, two locations in Fusarium 
virguliforme inoculated environments.  
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Figure 2. Mean values for F. virguliforme (Fv) inoculated (D) and non-inoculated (ND) fields for 
combined genotypes of population AX19286 and AX19287 over two years, two locations. Only 
seed protein (%) mean values are significantly different (P <0.05). Blue bars indicate the 
confidence intervals. 
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CHAPTER 3.    SOYBEAN SEED QUALITY AND QUANTITATIVE TRAIT LOCI 
ASSOCIATIONS ON FIELD CONDITIONS UNDER DISEASE PRESSURE BY 
FUSARIUM VIRGULIFORME 
Abstract 
Soybean [Glycine max (L.) Merr.], play a significant role in feeding humans and animals 
therefore seed of high quality is important for food security. Seed germination, vigor, weight, 
protein, and oil content all determine the quality of a soybean seed. Exploring the genetic base of 
these traits under stress is important particularly when unexpectedly, pathogens may threat seed 
quality under certain environments. The objective of this study was to determine association 
between quantitative trait loci (QTL) and phenotypic seed quality under stress conditions created 
by artificial inoculation with the soil-borne fungus Fusarium virguliforme (Fv), causal organism 
of sudden death syndrome (SDS) in soybean. Two groups of random recombinant inbred line 
(RIL), derived from each of two populations were planted in two field seasons under Fv 
inoculated and non-inoculated environments in Iowa. The seed quality trait phenotypes were 
recorded at each environment, along with molecular information. Phenotypic and genotype data 
was used for QTL mapping using IciMapping. Over populations, a total of 168 QTL for seed 
quality were identified, of which 105 were novel. For seed vigor, 14 QTL were identified, 
making this the first report of soybean seed vigor QTL identified. The comparison between non-
infested and artificially Fv-inoculated environments identified overlapping QTL that depending 
on the disease environment were associated with different traits. Results of this research indicate 
that genomic regions for seed quality are being influenced by Fv that potentially may cause 
different phenotypic expressions. This first report of QTL associated with seed vigor may 
provide novel molecular tools for breeding programs seeking to improve seed quality traits of 
soybean seeds.  
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Introduction 
Soybean [Glycine max (L.) Merrill], is one of the main sources of protein and oil for 
human and animal consumption in the world, and the United States is the leading world producer 
(ASA, 2017). In 2016, a total of 340.8 million metric tons of soybeans were harvested in the 
U.S., accounting for 71% and 29% of the world protein meal and vegetable oil consumed, 
respectively (ASA, 2017).  
Production of high-quality soybean seed is one of the most important factors that 
determine seed marketability and it is fundamental for high yield production. Seed quality is 
defined as the genetic and physical purity of a seed lot, along with the physiological attributes of 
germination and seed vigor (Ferguson et al., 1991). High-quality seed requires seed genetically 
and physically pure, that germinates at levels higher than 90%, and is highly vigorous (Delouche, 
2016). To assure the proper seed quality standards for the market, soybean producers are 
required by law, to routinely test seed lots being sold to the market (AMS, 2011).  
Production of high-seed quality involves the consideration of several traits which are 
quantitatively inherited within the soybean genome (Hyten et al., 2004). Numerous QTL regions 
in the soybean chromosomes have been associated with these traits under disease free conditions. 
As an example, 240 QTL were associated with protein content, 322 QTL with oil content, and 
318 QTL were associated with seed weight (Grant et al., 2010). Three QTL have also been 
identified as associated with the number of days to germination (Ragin et al., 2012). To-date 
however, no published information is available related to QTL associated with seed vigor (Grant 
et al., 2010), as defined by AOSA (2017).  
Commercial production fields of soybeans are threatened by numerous pathogens, of 
which Fusarium virguliforme (Fv) (Aoki et al., 2005), is one of them. The soil-borne Fv causes 
soybean sudden death syndrome (SDS), responsible for large yield losses (Roy et al., 1997). In 
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2014 losses amounted to 1.7 million tons (Bradley & Allen, 2014). That year, SDS ranked as the 
second most yield reducing pest in the U.S. The disease was first identified in Arkansas in 1971 
(Roy et al., 1997), and since then it has spread to all soybean growing regions of the U.S. It is 
therefore important to determine how soybean seed quality and its components may be affected 
when plants are grown under SDS disease pressure. Presently that information is not available.  
It is known that SDS affects some seed quality traits, such as seed germination, seed 
vigor measured on a visual scale, and after accelerated aging tests, and seed weight, however, 
there are no reports on its effect on seed protein and oil contents, neither on seed vigor as defined 
by AOSA (AOSA, 2017; Leitz et al., 1995; Luo et al., 2000; Njiti et al., 1998; Rupe et al., 1993). 
There is no published information available either on seed quality traits and possible QTL 
associations obtained from soybean fields under Fv disease pressure. The objective of this study 
was to identify seed quality QTL associated with seed germination, vigor, weight, protein, and 
oil content under field-stress conditions when Fv is present. For the study, soybean recombinant 
inbred line (RIL) populations derived from two soybean crosses between parents 
resistant/susceptible to the SDS disease were used. The field environments were free of the SDS 
disease, and also artificially SDS-inoculated allowing the comparison of results between Fv-
inoculated and non-inoculated conditions.  
 
Materials and Methods 
Plant material 
For the study, 200 RILs were used from each of two soybean populations, AX19286 
(A95-684043 x LS94-3207), and AX19287 (A95-684043 x LS98-0582). A95-684043 (Cianzio 
et al. 2002; ISURF Docket # 02975), of maturity group (MG) III, is susceptible to SDS and 
resistant to SCN HG types 0, 2 and 2.5.7. A95-684043 was derived from the cross of Jacques 
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J285 x [‘Archer’ x (‘Cordell’ x Asgrow A2234)]. LS94-3207 (Schmidt & Klein, 2004), 
developed at Southern Illinois University, Carbondale, IL, is of MG IV, resistant to SDS and to 
SCN HG types 0, 2, 2.5.7, 1.2.5.7, and 1.3.6.7. It is a selection from the cross ‘Pharaoh’ 
(Schmidt et al., 1993) × ‘Hartwig’ (Anand et al., 1992). LS98-0582 (Heatherly and Hodges 
1998), was derived from the cross of Northrup King S46-44 x Asgrow A4138, is of MG IV, 
resistant to SDS and highly resistant to SCN HG types 0 and 1.3.6.7.  
 The two crosses, AX19286 and AX19287 and the RILs were generated at the ISU soybean 
research site located at the Isabela Substation, University of Puerto Rico, Isabela, Puerto Rico from 
2002 to 2006. The hybrid nature of the F1 plants of each cross was confirmed using flower color 
as morphological marker. Six F1 seeds of each cross were obtained in January 2002. On May 2002, 
each F1 plant was harvested individually and identified. The F2 plants were grown in Puerto Rico 
during the summer 2002, and the identity of individual F1 and F2 plants was maintained throughout 
the RIL development.  
A total of 200 F2 plants (seed at the F3 generation) were harvested for each of the two 
crosses. Subsequent generations were advanced by single seed descent. Generation advances 
were conducted for each line from December 2002 until February 2006, at which time F7 
individual plants were harvested. F7:8 plant rows were grown for a seed increase and harvested in 
bulk, to form F7:9 RIL. 
The 200 RILs of each population were planted in the field experiments, but the final 
number of RIL used for the research analyses was reduced to 110 lines for the AX19286 
population, and 145 lines for the AX19287 cross. The missing lines on each population matured 
later than the checks of MG III included in the planting, indicating that these lines were not 
adapted and would not be used for seed production in the Iowa environment. 
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Field plantings and experimental design  
The field experiments were planted in Iowa in 2016 and 2017. In 2016, one location was 
on non-Fv inoculated soil at the Agronomy Research Farm, Bruner in Ames planted on May 24th, 
2016. The field at Bruner consisted of Nicollet loam soil, located at 42.0137478 °N, -93.7288892 
°W. The second location in 2016 was planted at Fruitland on May 26th, and plots were artificially 
inoculated with Fv at planting time. The soil at Fruitland was classified as a Toolesboro sandy 
loam soil, and the field was located at 41.355273 °N, -91.142143 °W. In 2017, the non-Fv 
inoculated test was planted on May 5th at Leighton, where the soils consisted of Givin silt loam 
and Mahaska silty clay loam soil was located at 41.3051853 °N, -92.8336297 °W. The Fv-
inoculated location was planted at the Agronomy Research Farm, Hinds on April 22nd. The soil 
at Hinds was classified as Spillville loam soil, and the field was located at 42.061763 °N, -
93.61692°W. Every year, plantings on the Fv-inoculated fields were irrigated twice a week to 
reach an amount of water equivalent to 51 mm. The artificial irrigation was used to favor SDS 
symptom development and expression.  
Each RIL, population parents, and the SDS control cultivars were planted in four row 
plots, 3-m-long rows separated 0.76 m between rows, with 0.91m alleys between plots. Maturity 
checks next to the outside borders of the experiments were also planted, although were not part 
of the experiment. They were included to provide an indication of the range of maturity of the 
RILs.  
A total of 320 seeds were planted plot-1, with 80 seeds row-1. Only the two inner rows per 
plot were harvested for seed and data collection. For each population, plots were planted in a 
randomized complete block design with two replications.  
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In addition to parents of each population, cultivars ‘Ripley’ (Cooper et al., 1990), and ‘Spencer’ 
(Wilcox et al., 1989) were also included as SDS resistant and susceptible controls respectively.  
 
Inoculum preparation 
The Fusarium virguliforme (Fv) inoculum was prepared in the lab five weeks before 
planting. The isolate NE305 from the Leandro lab (Iowa State University, Ames, IA), had been 
maintained on potato dextrose agar (PDA, Difco Laboratories, Detroit, MI), under continuous 
fluorescent light at 24 ± 2°C. Two weeks before starting inoculum preparation, single spore 
isolate of Fv NE305 were transferred from lab cultures onto fresh PDA. Mason jars 1.89L in size 
were filled with 750g of sterile white sorghum (Sorghum bicolor L. Moench) seed. Sterile 
distilled water was added to the jars, and sorghum was allowed to imbibe water overnight. Jars 
were drained and autoclaved twice at 24h intervals to ensure sterile conditions. The sterile 
sorghum seed was inoculated with seven plugs approximately 7-mm diameter each, extracted 
from the PDA-prepared cultures. The Fv was allowed to grow on the sorghum seeds for two 
weeks under room temperature, daily shaking the flasks for 1 minute to ensure uniform fungus 
growth. The Fv-infected sorghum was spread out on paper and dried at room temperature (25 ± 
2°C), inside a fume hood. At planting, 200ml of the dried FV-inoculated sorghum seed was 
planted with the soybean seeds of each genotype.  
 
SDS field ratings 
SDS visual symptoms were evaluated when ≥50% of plants in a plot reached the 6.2 
reproductive (R) stage (Fehr & Caviness, 1971). Plots were rated for disease incidence and 
disease severity. Disease incidence (DI), was scored based on the percentage of plants in a plot 
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expressing SDS symptoms, from 0% (no disease) to 100% (all plants symptomatic). Disease 
severity (DS), was scored only on symptomatic plants on a plot-1 basis and assigned a DS score 
from 1 – 9 based on chlorosis and necrosis damage of the leaf tissue as: 1 = 1-10% chlorotic (1-
5% necrotic); 2= 10-20% chlorotic (6-10% necrotic); 3 = 20-40% chlorotic (11-20% necrotic); 
4= 40-60% (21-40% necrotic); 5 = >60% chlorotic (>40% necrotic); 6= 1/3 defoliation; 7= 2/3 
defoliation; 8= > 2/3 defoliation; and 9= premature death. Disease index (DX) was calculated for 
each plot by (DI * DS)/9, according to Njiti et al. (1996). 
 
Phenotyping seed quality traits 
Seed quality traits included data collection on seed germination, vigor, weight, protein, 
and oil content. The AOSA Rules for Testing Seeds (2017), were followed for germination and 
vigor testing. Seed weight (Sdwt) was measured for 100 randomly selected seed plot-1. Seed oil 
(Oil), and protein (Pro), content were analyzed using a near infrared Infratec 1229 Grain 
Analyzer (Foss Tecator AB, Hoganas, Sweden). Oil and Pro content were expressed on a 13% 
moisture basis as percentage.  
Seed germination and vigor were tested using the rolled paper towel method as per 
AOSA (2017). Paper towels (30.5cm x 61cm) were submerged in water to saturation and then 
pressed between two boards to remove excess water. C-clamps were used on both sides of the 
boards to obtain even distribution of pressure. Substrate moisture level was tested by pressing a 
finger on the substrate to ensure water did not pool at the indention (AOSA, 2017). Fifty seeds 
per sample were planted on top of two paper towels and covered with a third. The paper towels 
were rolled and placed into a bucket. Plastic bags were placed over the bucket to retain moisture. 
Buckets were placed in a dark chamber at 25°C for 7d. Germination percentage (Germ), was 
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calculated using (normal seedlings 50-1) * 100. Seed vigor (Vig), was assessed by using the 
seedling dry weight test following the Seed Vigor Testing Handbook (Baalbaki et al., 2009), 
protocol. The cotyledons from normal seedlings were removed with a razor blade and the 
remaining seedling structures were placed in a coin envelope. Envelopes were dried in an oven at 
80°C for 24h. Dry weights were recorded, and an average seedling weight was calculated using 
dry weight normal seedlings-1.  
 
Genotyping the RILs  
The QTL analysis scanned the chromosomes using a total of 1,125 SNP markers in each 
population. The genomic DNA and marker analysis was conducted as per Swaminathan et al., 
(2016) description. Genomic DNA was isolated from leaf samples following the CTAB 
extraction method (CIMMYT, 2005). The DNA pellet was resuspended in 300 µL of 1X TE 
buffer pH 8.0 and stored at – 20ºC until further use. Two µL of the DNA was run on a 1% 
agarose gel to check the DNA quality. DNA concentration was quantified by absorbance at 
260nm using a Thermo Fisher Scientific (Waltham, MA) NanoDrop spectrophotometer. DNA 
samples were diluted to a final concentration of 100 ng/µL.  
Genotyping was performed using the Illumina Golden Gate assay paired with the 1536 
Universal Soy Linkage Panel at the Cregan lab (USDA ARS, Beltsville, MD) (Hyten et al., 2010). 
QTL linkage maps were constructed using MapChart V2.32 software (Voorrips, 2002). Genetic 
data and phenotypic means were subjected to QTL analysis using IciMapping V4.1 software 
(http://www.breeding.net) (Li et al., 2006). QTL detection parameters were set according to Li et 
al. (2014). A logarithm of odds (LOD) of >3 was used to detect significant QTL, walking speed 
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was set at 1cM, and for the stepwise regression probability to enter a P-value of 0.001 was used to 
detect QTL (Li et al., 2014).  
 
Statistical analysis 
Data was subjected to analysis of variance (ANOVA) using R 3.2.3 Software (R Core 
Team, 2015). R packages ‘lme4’ were used to assign random and fixed effects for our model and 
‘lmerTest’ was used to obtain p-values from ‘lme4’ (Bates et al., 2014; Kuznetsova et al., 2017). 
Populations were analyzed separately and subjected to a mixed model analysis consisting of:  
 
Ŷ = Year + Disease + Year * Disease + Years (Blocks) * Disease + Genotypes + 
Genotypes * Years + Genotypes * Disease + Genotypes * Year * Disease + Genotype * Year 
(Blocks) * Disease (Error)  
 
Disease was considered a fixed effect, and Year, Blocks, and Genotypes were considered random 
effects. The expected means squares calculated according to the model assumptions determined 
the error mean squares for use in the F tests.  
A t-test was used to determine if the disease index was different between populations. 
Trait normality was determined by Shapiro-Wilk test provided from IciMapping (Li et al., 2006). 
Skewness and Kurtosis values were calculated according to Li et al., (2006).  
 
Results 
There were no significant (P < 0.05) differences between years for traits in either 
population except for seed protein content in AX19286 (data not shown). The SDS symptoms 
were expressed in the Fv-inoculated fields but were absent from the non-inoculated fields (Table 
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1). Populations were not significantly (P < 0.05) different for their mean trait responses between 
Fv inoculated and non-inoculated environments, except at Hinds 2017 in which population 
AX19287 did not express disease symptoms. In general, parents expressed little to no disease in 
the inoculated environment. Check cultivars expressed their expected responses to the disease in 
the inoculated environment. Coinciding with previous information. In general, mean seed quality 
traits of parents and mean values of populations were not significantly different between the two 
disease environments (Table 2). RIL genotypes within populations had significantly different (P 
< 0.05) seed quality traits in both populations (Table 3). Phenotypic distributions of RIL within 
the AX19286 and AX19287 populations for all traits were nearly normally distributed.  
A total of 168 QTL were identified across the two populations and the four environments 
for the seed quality traits of germination, vigor, weight, protein, and oil content (Tables 4 to 8). 
The AX19286 population had 30 QTL associated with seed germination, of them Germ-12 was 
expressed in two environments (Table 4). For seed vigor, two QTL were identified, with Vig-2, 
with being identified on each of the four environments (Table 5). For seed weight, AX19286 had 
eight QTL, with Sdwt-1 expressed in three of the four environments, and each Sdwt-3 and Sdwt-
6 identified in two environments (Table 6). For protein content AX19286 had 17 QTL identified 
with only two, Pro-1 and Pro-2 associated in two environments (Table 7). There was a total of 19 
QTL in AX19286 with only Oil-12 being associated with the trait in three of the four 
environments (Table 8). AX19287 had 24 QTL associated with germination percentage, of them 
Germ-43 was associated in four of the environments, and Germ-41 and Germ-45 each were 
associated with the trait on two environments (Table 4). For seed vigor in AX19287, there were 
12 QTL associated with the trait, of which all of them were expressed in only one environment 
(Table 5). The QTL for seed weight in the AX19287 population were six in total, with the Sdwt-
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10 and Sdwt-12 being expressed in two of the four environments (Table 6). For protein content, 
eight QTL were detected with only one Pro-24 identified in three of the four environments 
(Table 7). Ten QTL were identified in the AX19287 population for oil content, Oil-20 was 
expressed in the four environments, Oil-22, and Oil-25 were identified in three of the 
environments, and Oil-24 and Oil-29 were identified in two of the environments (Table 8).  
Both populations had many QTL that mapped to one chromosome over the others (Tables 
4, 5, 6, 7, and 8). Considering both populations, chromosome 10 was the chromosome that 
contained the most abundant QTL for most traits. For population AX19286, chromosome 10 had 
the most abundant seed germination QTL that were five. For seed vigor, chromosome six had 
two QTL. For seed weight, chromosome 10 and 19 both each contained two QTL. For seed 
protein, chromosome two contained three QTL. For seed oil, chromosome two contained five 
QTL. For AX19287, chromosome four had the most abundant seed germination QTL which 
were four. For seed vigor, chromosome 10 contained four QTL. For seed weight, chromosome 
10 contained two QTL. For seed protein, chromosome two contained three QTL. For seed oil, 
chromosome 11 contained two QTL.  
In considering the disease environment for AX19286, two germination QTL were 
identified at Fruitland 2016, and one at Hinds 2017 (Table 4). For seed vigor, one QTL at each of 
Fruitland 2016 and of Hinds 2017 were identified (Table 5). For seed weight, six QTL were 
identified in Fruitland 2016 and one at Hinds 2017 (Table 6). For protein content, three were 
identified in Fruitland 2016, and one at Hinds 2017 (Table 7). For oil content, the majority of the 
QTL were identified at Fruitland 2016 i.e. 17 of them, and two at Hinds 2017 (Table 8). For 
AX19287 inoculated, there were four QTL associated with germination identified in Fruitland 
2016 and ten at Hinds 2017 (Table 4). For seed vigor, seven QTL were identified at Fruitland 
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2016, and one at Hinds 2017 (Table 5). For seed weight, one QTL was identified at Fruitland 
2017, and two at Hinds 2017 (Table 6). For protein, only two QTL were identified in Fruitland 
2016 (Table 7), while for oil six QTL were identified in Fruitland 2016 and four at Hinds 2017 
(Table 8).  
In both populations all remnant QTL for each trait were identified in the non-inoculated 
environments (Tables 4 to 8). In the two populations, germination percentage had more QTL 
identified in the non-inoculated environment (Table 4), and less QTL in the non-inoculated 
environment for seed vigor (Table 5). AX19286 had more QTL for seed weight (Table 6), and 
for oil content in the inoculated environment than the non-inoculated environment (Table 8). 
AX19287 had more QTL in the non-inoculated environment for seed weight, protein and oil 
contents than the inoculated environments (Tables 6, 7, and 8). Six QTL were identified in both 
AX19286 and AX19287, of these, four were associated with germination (Table 4), one for seed 
weight (Table 6), and one for oil content (Table 8).  
For each of the populations and seed quality traits, QTL regions were identified by 
comparing QTL regions and seed quality traits that overlap in the same chromosome and similar 
regions (Tables 4, 5, 6, 7, and 8; Fig. 1). On this comparison it was observed that depending on 
the environment, the QTL regions that overlapped were associated with different traits. As an 
example, in population AX19286 there were five QTL regions associated with oil content in the 
inoculated environments. In the same region but at the non-inoculated environments the 
overlapping QTL was associated with seed germination. For the AX19287 population, similar 
findings were also observed. AX19287 expressed a different oil QTL than AX19286 in the 
inoculated environment while a germination QTL in the non-inoculated environment was placed 
on the same genomic region. AX19287 had three instances of an oil QTL in the inoculated 
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environment, with that same region associated with protein QTL in the non-inoculated 
environment. It was similarly observed with AX19287 which had three instances of a seed vigor 
QTL expressed in the inoculated environment, and when the environment considered was the 
non-inoculated, the QTL was associated with seed germination. AX19287 also had one instance 
were seed oil and seed weight QTL were expressed in both environments and overlapped with a 
seed vigor QTL that was associated with a seed vigor QTL in the non-inoculated environment. 
There was also one instance where a germination QTL was expressed in both environments but 
expressed a seed vigor QTL association in the inoculated environment and an oil QTL in the 
non-inoculated environment.  
 
Discussion 
This research was conducted to determine if seed quality for marketing purposes could be 
affected when the seed production environment is under pressure caused by the soil-borne 
fungus Fursarium virguliforme, the causal organism of SDS in soybeans. Recombinant inbred 
lines obtained from two soybean populations having one parent in common, were planted in two 
years under artificially inoculated and non-inoculated field environments to determine the QTL 
regions that were expressed.  
Our results identified 168 QTL associated with the seed quality traits over the four 
environments in which the phenotyping was done. A detailed consideration of the molecular data 
indicated that for each year, disease environment, and population, the QTL associated with every 
trait were different in numbers, and the majority of them were expressed only at one 
environment. Only rarely, some of the QTL specific to one trait were expressed at two or more 
environments. This is not a surprising result, as it has been widely mentioned that SDS 
expression is highly dependent on the environment (Leandro et al., 2012). This is therefore a 
 46 
confirmation, that if marker assisted selection were to be used in selecting for seed quality traits 
it would be imperative to assess the phenotypic expression of the traits in a manner that is 
precise, discriminant, and with a high degree of repeatability. 
 Other important results of the research refer to the overlapping of chromosomal regions 
associated with different seed quality traits. We observed that depending on the disease 
environment, some QTL regions were associated with a trait, association that changed to a 
different trait when the environment changed, i.e. from inoculated to non-inoculated. The 
interpretation of these observations, however requires more detailed research, particularly by 
comparing region sizes. This might be necessary prior to conduct fine mapping to determine the 
gene(s) that might be present within each of the regions. This in turn may shed light about the 
significance of the interaction between and among the genes in the region and the phenotypic 
expression of the traits. 
It is noteworthy to indicate that our study is one of the first ones available in which QTL 
associated with seed vigor have been reported. Previous research mentioned Fv as affecting seed 
vigor (Leitz et al., 1995; Njiti et al., 1995), however, differences among these studies and ours 
exist. Njiti et al. (1998) used a visual scale from 1 to 5 to measure seed vigor. Leitz et al. (1995), 
measured seed vigor by using the accelerated aging test method on seeds. Both studies based 
their observations only on phenotypic data. In our study, seed vigor was estimated following the 
seedling dry weight test protocol as a measure of seed vigor as described by the AOSA (2017) 
handbook. Molecular characterization was also used to determine the phenotypic-genotypic 
association. We identified a total of 14 QTL for seed vigor, which are the first QTL associated 
with seed vigor that have been identified for the trait in soybean. Being this the first report, all 
QTL associated with seed vigor may be considered novel.  
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The QTL Germ-36 identified in this study overlaps with one of three previously reported 
seed germination QTL on chromosome 5 (Ragin et al., 2012). There were four germination QTL 
identified in both populations in the study (Germ-4, Germ-37; Germ-12, Germ-44; Germ-14, 
Germ-47; Germ-23, Germ- 52), that contribute to validate previous reported QTL. We however, 
did identify a novel seed germination QTL in the study in addition to the novel seed vigor QTL 
already mentioned. These vigor and germination QTL can be useful to soybean breeders 
interested in studying and selecting for seed quality traits. Further identification of seed 
germination and vigor QTL in other populations should be investigated to validate even further 
the QTL that we identified. 
The study also found QTL associated with different seed quality traits, that upon the 
consideration of the disease environment, the same regions were detected associated with other 
traits. We have not found available reports from which similar observations have been 
communicated. Gene expression changes in different environments has been well documented in 
many plant species (Sachs and Ho, 1986). We observed five QTL in overlapping regions 
associated with seed oil or germination depending on the disease environment being considered. 
Some possible interpretation may explain these observations. The seed stores oil bodies as 
triacylglycerols (TAG’s) in the seed cotyledons which are used up by the seed during 
germination (Tzen et al., 1997). The overlapping region-connection between seed oil and 
germination could explain the QTL overlap between the two traits that we observed. Also, 
soybean seeds contain flavonoids which are produced from oils (Ndakidemi et al., 2003). 
Flavonoids have inhibiting effects on the growth of a wide range of soybean pathogens (Jiang et 
al., 2012). The oil QTL expression in the inoculated environment could indicate that the soybean 
plant might be expressing genes for oil production to create flavonoids to fight-off SDS. When 
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the disease is not present, the oil genes in the region might be diverted to seed germination which 
would explain the observation that the germination QTL association is expressed in the non-
inoculated environment. This observation could mean that the seed oil content of SDS infected 
plants may change, which might be an important consideration for soybean seed producers. We 
also saw a QTL overlapping between seed oil and protein content. The seed oil-protein 
interaction in seeds has been well documented (Panthee et al., 2005). The QTL in the 
overlapping regions could indicate that genes in the region might be turned on or off depending 
on the disease environment and that could influence either seed oil or protein content. The oil 
QTL was expressed in the inoculated environment and a possible explanation was provided 
before (Tzen et al, 1997). The expression of the protein QTL in the non-inoculated environment 
could be caused by the opposite regulation of oil genes in this region when SDS is absent. This 
finding also indicates that the seed composition of Fv infected plants may change which is an 
important consideration to soybean seed producers. Further studies will be required to explore 
the interaction between seed oil and protein under stressed conditions inflicted by Fv presence. 
We also observed a seed vigor and germination QTL relationship in the Fv inoculated vs non-
inoculated environments respectively. (Fig. 1). The vigor mean calculated for each population 
was lower in the Fv inoculated environment than for the Fv non-inoculated. The lower seed vigor 
caused by SDS had been previously reported by Leitz et al. (1995). The vigor QTL expression in 
the SDS environment could indicate that many genetic seed components of these regions that 
contribute to the production of a healthy normal seedling are being affected by SDS (Baalbaki et 
al., 2009). Alternatively, in the non-SDS environment these genes are influencing germination 
causing an expression of a germination QTL instead of a vigor QTL. Further studies will be  
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required to investigate these genomic regions to identify potential genes that could be influenced 
by SDS pressure.  
Our study also identified QTL that were overlapping with previously reported QTL, six 
of them previously reported for seed weight QTL overlapped with seed weight QTL that we 
identified. There were 12 previously reported protein QTL that overlapped with protein QTL we 
also identified. Seven previously reported oil QTL overlapped with oil QTL we identified. These 
observations contribute to validate the QTL identified in our study, and those previously.  
There were many seed quality QTL identified on chromosome 10 mapping to the same or 
closely similar regions. The chromosome region between 86.86 – 129.3 cM on chromosome 10 
mapped 22 seed quality traits for germination, vigor, weight, protein, and oil. The region also 
contains a few previously identified QTL for seed quality including seed oil and weight, making 
this region potentially a seed quality “hot-spot” (Grant et al., 2010). This region could be 
extremally valuable for researchers trying to study/select many seed quality traits. 
In summary, the study demonstrated new findings related to seed quality traits in 
soybean. There have not been previous available reports of seed vigor QTL for soybean. We 
identified 14 seed vigor QTL which were the firstly reported for soybean. Also, previously few 
seed germination QTL were identified in soybean. We identified additional novel QTL for seed 
germination, and some that were previously reported, providing validation to those. We also 
found many seed quality QTL overlapping on genomic regions that were distinctly associated 
with other seed quality traits depending on the Fv inoculated and non-inoculated environments. 
This finding may indicate that Fv is causing different genes to be turned on or off resulting in 
different phenotypic expressions for seed quality. A seed quality “hot-spot” was also detected on  
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chromosome 10 which could be useful to researchers. These results are valuable tools to 
researchers and seed producers of soybean seed and may be used for further studies. 
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Tables and Figures 
 
Table 1. Mean SDS disease index for population AX19286 (A95-684043 x LS94-3207) and 
AX19287 (A95-684043 x LS98-0582), and cultivars Ripley (resistant) and Spencer (susceptible) 
and minimum, and maximum rating for Fusarium virguliforme inoculated Fruitland and Hinds, 
and non-inoculated Leighton and Bruner environments. 
 
a Hinds field mean disease index value due to inadequate disease environment 
Genotypes/
Population Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Parents
A95-684043 0 0 0 0.56 0 2.22 0 0 0 0 0 0
LS94-3207 0 0 0 0 0 0 0 0 0 0 0 0
LS98-0582 1.11 0 2.22 0 0 0 0 0 0 0 0 0
Populations
AX19286 9.31 2.22 35.6 6.11 0.22 33.33 0 0 0 0 0 0
AX19287 a 9.05 1.11 33.3 0.75 0.11 4.44 0 0 0 0 0 0
Checks
Ripley 0 0 0 0 0 0 0 0 0 0 0 0
Spencer 13.89 2.22 26.7 22.22 1.11 63.33 0 0 0 0 0 0
Non-inoculatedInoculated
BrunerLeightonHindsFruitland
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Table 2. Mean seed germination, vigor, weight, protein, and oil and the standard deviations for 
A95-684043, LS94-3207, LS98-0582, populations AX19286 and AX19287, and cultivars Ripley 
(resistant) and Spencer (susceptible) between Fusarium virguliforme inoculated and non-
inoculated environments. 
 
 
 
 
 
 
 
Trait
Genotypes/           
Population d Mean StdDev Mean StdDev
Germination (%) Parents
A95-684043 67.50 6.91 69.00 14.81
LS94-3207 97.75 2.25 87.50 6.82
LS98-0582 86.00 5.13 91.00 6.41
Populations
AX19286 85.76 13.27 84.82 13.74
AX19287 76.42 17.52 73.83 24.70
Checks
Ripley 92.75 5.34 95.25 3.54
Spencer 91.00 7.17 89.25 11.56
Vigor (mg) a Parents
A95-684043 33.05 6.61 37.97 14.92
LS94-3207 31.55 3.12 31.31 3.19
LS98-0582 36.06 4.56 35.41 1.99
Populations
AX19286 32.00 5.16 33.00 4.38
AX19287 32.38 5.36 32.45 5.10
Checks
Ripley 36.01 2.21 36.76 2.84
Spencer 34.55 4.15 36.11 3.69
Weight (g) b Parents
A95-684043 16.96 1.29 16.74 1.68
LS94-3207 12.74 0.78 13.71 0.46
LS98-0582 14.85 0.93 15.42 0.91
Populations
AX19286 14.55 1.78 15.22 1.78
AX19287 15.44 1.75 15.85 2.30
Checks
Ripley 13.11 0.88 13.67 0.59
Spencer 16.04 1.44 18.35 0.93
Non-inoculatedInoculated
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Table 2. (continued) 
 
a Seed vigor measured as seedling dry weight (AOSA Rules for Testing Seeds, 2017) 
b 100 seed weight 
c Expressed on a 13% moisture basis 
d AX19286 (A95-684043 x LS94-3207); AX19287 (A95-684043 x LS98-0582)
Protein (%) c Parents
A95-684043 35.49 1.29 34.10 1.59
LS94-3207 35.53 0.94 33.70 0.91
LS98-0582 36.65 1.34 35.68 0.75
Populations
AX19286 35.87 1.46 34.46 1.46
AX19287 35.87 1.52 34.54 1.28
Checks
Ripley 34.86 0.76 33.44 0.37
Spencer 35.96 0.88 34.83 1.28
Oil (%) c Parents
A95-684043 19.53 0.22 20.15 0.97
LS94-3207 17.95 0.20 18.83 1.02
LS98-0582 18.29 0.21 18.61 0.68
Populations
AX19286 18.57 0.71 19.22 1.16
AX19287 18.96 0.75 19.53 0.97
Checks
Ripley 18.94 0.23 19.60 0.63
Spencer 19.55 0.53 20.31 0.86
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Table 3. Mean seed germination, oil, protein, seed weight, and vigor for population AX19286 
and AX19287 with the minimum and maximum standard deviation, skewness, kurtosis, values, 
and the Shapiro-Wilks test. Data is presented for of Fusarium virguliforme inoculated Fruitland 
and Hinds and the non-inoculated Bruner and Leighton environments separately. 
 
a AX19286 (A95-684043 x LS94-3207); AX19287 (A95-684043 x LS98-0582) 
b Seed vigor measured as seedling dry weight (AOSA Rules for Testing Seeds, 2017) 
c 100 seed weight 
d Expressed on a 13% moisture basis 
e n.s. non-significant (P-value <0.05); * P-value <0.05 Shapiro-Wilks normality test 
Populationa Location Trait Environment Mean Min Max StdDev Skewness Kurtosis W-test e
AX19286 Fruitland Germination (%) Inoculated 81.84 35.00 100.00 13.35 -1.10 1.44 0.91 *
Vigor (mg) b 29.68 20.60 38.78 4.21 -0.08 -0.67 0.97 n.s.
Seed weight (g) c 14.14 10.48 18.12 1.57 0.25 -0.48 0.97 n.s.
Protein (%) d 36.80 34.45 40.10 1.10 0.60 0.54 0.96 *
Oil (%) d 18.72 17.35 20.30 0.65 0.36 -0.44 0.96 *
Hinds Germination (%) Inoculated 89.68 44.00 99.00 9.72 -2.41 6.49 0.73 *
Vigor (mg) b 34.33 25.98 45.97 3.44 0.10 0.35 0.99 n.s.
Seed weight (g) c 14.96 11.09 20.42 1.68 0.25 0.41 0.98 n.s.
Protein (%) d 34.94 33.00 38.30 1.03 0.50 0.26 0.97 n.s.
Oil (%) d 18.42 16.40 20.05 0.66 -0.08 0.24 0.99 n.s.
AX19286 Bruner Germination (%) Non-inoculated 88.76 58.00 100.00 7.86 -1.23 1.42 0.89 *
Vigor (mg) b 32.01 23.47 41.19 3.84 0.17 -0.11 0.98 n.s.
Seed weight (g) c 15.94 12.26 21.13 1.74 0.36 -0.03 0.98 n.s.
Protein (%) d 35.51 33.50 38.20 0.99 0.44 -0.01 0.97 n.s.
Oil (%) d 18.26 17.10 19.75 0.59 0.34 -0.29 0.97 n.s.
Leighton Germination (%) Non-inoculated 80.87 22.00 97.00 15.46 -1.68 2.49 0.8 *
Vigor (mg) b 33.99 24.02 40.98 3.62 -0.41 -0.34 0.97 n.s.
Seed weight (g) c 14.51 11.26 17.10 1.36 0.08 -0.71 0.96 *
Protein (%) d 33.40 30.85 36.10 0.96 -0.14 0.07 0.99 n.s.
Oil (%) d 20.19 18.95 21.95 0.64 0.31 -0.44 0.97 n.s.
AX19287 Fruitland Germination (%) Inoculated 74.75 36.00 98.00 13.27 -0.68 -0.13 0.94 *
Vigor (mg) b 29.33 19.94 43.62 4.12 0.40 0.38 0.98 n.s.
Seed weight (g) c 14.66 12.21 19.10 1.24 0.53 0.25 0.97 n.s.
Protein (%) d 37.01 34.50 39.05 0.85 -0.09 -0.09 0.99 n.s.
Oil (%) d 18.92 17.45 21.00 0.70 0.36 -0.12 0.97 n.s.
Hinds Germination (%) Inoculated 78.08 32.00 100.00 18.37 -0.69 -0.87 0.85 *
Vigor (mg) b 35.42 26.29 42.18 2.99 -0.31 -0.05 0.98 n.s.
Seed weight (g) c 16.22 12.09 20.18 1.53 0.13 -0.10 0.98 n.s.
Protein (%) d 34.73 32.30 37.55 0.92 0.20 0.21 0.99 n.s.
Oil (%) d 19.00 17.50 20.65 0.72 0.30 -0.56 0.96 *
AX19287 Bruner Germination (%) Non-inoculated 88.10 66.00 100.00 7.35 -1.01 0.92 0.91 *
Vigor (mg) b 31.71 23.12 41.04 3.56 0.28 -0.19 0.98 n.s.
Seed weight (g) c 17.09 13.30 31.61 1.83 3.55 26.10 0.81 *
Protein (%) d 35.47 33.50 38.25 0.82 0.50 0.35 0.98 n.s.
Oil (%) d 18.79 17.30 20.30 0.57 0.08 -0.35 0.98 n.s.
Leighton Germination (%) Non-inoculated 59.57 8.00 95.00 26.69 -0.47 -1.24 0.87 *
Vigor (mg) b 33.19 15.57 43.92 4.83 -0.73 1.57 0.96 *
Seed weight (g) c 14.61 11.36 18.68 1.54 0.24 -0.47 0.97 n.s.
Protein (%) d 33.61 31.65 35.30 0.81 -0.10 -0.39 0.97 n.s.
Oil (%) d 20.28 18.90 21.80 0.63 0.12 -0.43 0.98 n.s.
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Table 4. Identified seed germination QTL for populations AX19286 and AX19287 of Fusarium virguliforme inoculated Fruitland and 
Hinds and non-inoculated Bruner and Leighton environments.  
 
 
 
 
 
 
Reported 
QTL c
Population QTL Chrom LeftMarker RightMarker LOD PVE (%)a Add effectb LOD PVE (%)a Add effectb LOD PVE (%)a Add effectb LOD PVE (%)a Add effectb
AX19286 Germ-1 2 Sat_227 Sat_351 5.83 1.34 -7.38
Germ-2 4 Satt190 Sat_357 3.55 1.19 7.15
Germ-3 4 Satt524 Satt682 6.97 1.30 -7.96
Germ-4 6 Satt422 Satt305 3.60 1.18 8.04
Germ-5 6 Satt319 Satt100 6.54 4.40 -6.88
Germ-6 7 Sat_121 Satt336 6.80 1.28 7.87
Germ-7 8 Satt589 Sat_400 3.06 9.41 -10.24
Germ-8 8 Satt377 Satt233 3.18 1.01 -7.54
Germ-9 10 Satt259 Satt347 3.50 5.70 -12.71
Germ-10 10 Satt563 Satt478 4.73 1.29 -7.48
Germ-11 10 Sat_341 Sat_242 5.16 1.32 7.41
Germ-12 10 Sat_038 Satt153 10.81 1.26 11.91 6.73 6.63 8.63
Germ-13 10 Satt153 Sat_108 3.31 1.08 8.02
Germ-14 11 Satt597 Satt430 4.50 6.42 -10.65
Germ-15 11 Satt359 Satt453 3.71 5.52 -11.78
Germ-16 13 Satt335 Satt334 3.90 1.08 -7.97
Germ-17 14 Satt066 Satt534 4.26 1.12 8.16
Germ-18 15 Sat_273 SSR1618_1 3.64 6.23 11.59
Germ-19 16 Sct_065 Satt414 6.34 1.36 7.71
Germ-20 16 Sat_093 Sat_366 4.01 1.03 -8.28
Germ-21 16 Sat_350 Sctt011 5.32 1.03 8.25
Germ-22 17 Sat_333 Sat_296 5.62 1.28 -7.96
Germ-23 17 Satt002 Satt447 3.69 6.31 -12.13
Germ-24 17 Sat_354 Satt186 3.32 5.30 -12.65
Germ-25 18 Satt163 Satt214 5.80 1.37 7.67
Germ-26 18 Sat_141 Sat_163 6.42 1.37 -7.69
Germ-27 19 Sat_191 Satt613 6.73 1.39 7.55
Germ-28 19 K385_1 Satt373 4.22 1.29 7.48
Germ-29 20 Satt671 Sat_170 3.96 1.19 -7.67
Germ-30 20 Satt623 Sat_299 5.06 1.31 -7.44
Environment
Inoculated Non-inoculated
Fruitland 2016 Hinds 2017 Bruner 2016 Leighton 2017
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Table 4. (continued) 
 
a Phenotypic variation explained by the identified QTL  
b Additive effect: parent contribution to trait QTL with a positive value signifying A95-684043 parent  
c Ragin et al., 2012  
AX19287 Germ-31 2 Satt634 Satt542 4.41 1.98 7.16
Germ-32 2 Satt412 Sat_169 4.02 3.99 -9.95
Germ-33 3 Sat_091 Satt312 3.92 2.50 5.80
Germ-34 3 Satt312 Sat_239 3.01 2.72 -5.58
Germ-35 4 Sct_191 Satt338 3.15 1.87 8.02
Germ-36 5 Sat_137 Sat_368 3.03 2.77 -16.04 1
Germ-37 6 Satt422 Satt305 3.34 1.96 7.96
Germ-38 7 Satt567 Sat_244 3.42 2.48 -5.23
Germ-39 8 Satt207 Satt493 3.23 2.55 16.58
Germ-40 9 Sat_087 Satt242 3.41 8.04 -10.12
Germ-41 10 Satt123 Satt331 5.22 4.59 -11.52 3.11 6.16 -13.10
Germ-42 10 Satt581 Sat_038 3.36 5.85 -13.76
Germ-43 10 Sat_038 A102_2 9.14 7.14 -7.58 44.53 36.06 -16.66 4.30 1.51 -3.41 39.18 48.82 -23.48
Germ-44 10 A102_2 Satt153 3.85 2.36 6.29
Germ-45 11 Sat_261 Satt638 3.15 5.99 11.46 4.90 2.18 6.76
Germ-46 11 Satt197 Sat_149 3.87 6.14 11.82
Germ-47 11 Satt597 Satt430 3.44 3.76 13.09
Germ-48 14 Satt083 Satt416 3.25 4.03 -12.20
Germ-49 16 Sat_339 Sct_065 3.39 3.04 -14.86
Germ-50 16 Sat_394 Satt712 3.01 4.36 -11.44
Germ-51 17 Satt458 Satt135 3.36 1.96 -6.26
Germ-52 17 Satt002 Satt447 3.17 2.40 -6.29
Germ-53 18 Satt163 Sat_210 3.18 2.27 6.96
Germ-54 19 Sat_113 Satt527 5.32 2.16 6.59
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Table 5. Identified seed vigor QTL for populations AX19286 and AX19287 of Fusarium virguliforme inoculated Fruitland and Hinds 
and non-inoculated Bruner and Leighton.  
 
a Phenotypic variation explained by the identified QTL  
b Additive effect: parent contribution to trait QTL with a positive value signifying A95-684043 parent  
  
Reported 
QTL
Population QTL Chrom LeftMarker RightMarker LOD PVE (%)a
Add 
effectb LOD PVE (%)a
Add 
effectb LOD PVE (%)a
Add 
effectb LOD PVE (%)a
Add 
effectb
AX19286 Vig-1 6 Sat_246 Satt643 3.68 9.86 -1.58
Vig-2 6 Satt277 Sat_312 3.34 13.50 -1.62 5.99 12.85 -1.80 3.83 16.25 -1.57 5.88 21.54 -1.70
AX19287 Vig-3 1 Satt295 Satt580 3.51 9.04 1.45
Vig-4 5 Sat_368 Satt276 3.49 4.56 -3.51
Vig-5 6 Satt681 Sat_130 3.49 3.11 3.74
Vig-6 6 Satt291 Satt305 3.43 4.50 -4.14
Vig-7 6 Satt322 L059_1 3.06 3.96 -4.38
Vig-8 10 Satt331 Sat_038 6.71 5.97 -2.03
Vig-9 10 Sat_274 Sat_038 19.05 20.81 -3.78
Vig-10 10 Sat_038 A102_2 7.77 4.94 -2.28
Vig-11 10 Sat_038 Satt153 3.49 4.59 -3.63
Vig-12 12 Satt181 Sat_180 3.43 9.42 1.00
Vig-13 15 Sat_136 Satt606 3.53 5.91 -1.10
Vig-14 16 Satt249 Satt285 3.11 3.23 -4.24
Environment
Inoculated Non-inoculated
Fruitland 2016 Hinds 2017 Leighton 2017Bruner 2016
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Table 6. Identified seed weight QTL for populations AX19286 and AX19287 of Fusarium virguliforme inoculated Fruitland and 
Hinds and non-inoculated Bruner and Leighton.  
 
a Phenotypic variation explained by the identified QTL  
b Additive effect: parent contribution to trait QTL with a positive value signifying A95-684043 parent 
c References of overlapping previously reported QTL of the same trait; 1: Orf et al., 1999, Yang et al., 2011; 2: Han et al., 2012; Kato 
et al., 2014; 3: Hyten et al., 2004; 4: Kato et al., 2014; 5: Teng et al., 2009; 6: Kuroda et al., 2013; Kim et al., 2010; Kato et al., 2014; 
Panthee et al., 2005   
Reported 
QTLc
Population QTL Chrom LeftMarker RightMarker LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb
AX19286 Sdwt-1 4 Sat_337 K472_1 4.72 8.32 -0.52 3.56 12.85 -0.59 3.21 6.35 -0.46 1
Sdwt-2 10 Sat_341 Satt478 5.84 11.26 0.61
Sdwt-3 10 Sat_274 Sat_038 4.03 6.85 0.48 6.55 13.52 0.68
Sdwt-4 15 Satt185 Satt263 3.3 6.13 -0.44 2
Sdwt-5 16 Sctt011 Satt244 3.26 6.59 0.46
Sdwt-6 17 Satt498 Satt002 4.57 10.07 -0.6 5.95 12.02 -0.63
Sdwt-7 19 E014_1 Satt156 3.48 12.03 0.74
Sdwt-8 19 Sat_099 SSR1369_1 3.3 7.06 -0.57
AX19287 Sdwt-9 7 Satt567 Sat_244 6.16 9.16 -0.51
Sdwt-10 9 Satt628 Sat_111 4.39 15.26 -0.72 4.04 16.9 -0.73 3
Sdwt-11 10 Satt653 Sat_145 4.67 8.46 0.49 4
Sdwt-12 10 Sat_274 Sat_038 8.18 17.16 0.68 18.39 26.39 -0.86
Sdwt-13 13 Satt335 Satt362 3.09 7.11 0.45 5
Sdwt-14 17 Satt372 Satt002 3.9 5.16 0.39 6
Environment
Inoculated Non-inoculated
Fruitland 2016 Hinds 2017 Bruner 2016 Leighton 2017
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Table 7. Identified seed protein QTL for populations AX19286 and AX19287 of Fusarium virguliforme inoculated Fruitland and 
Hinds and non-inoculated Bruner and Leighton.  
 
a Phenotypic variation explained by the identified QTL  
b Additive effect: parent contribution to trait QTL with a positive value signifying A95-684043 parent  
c References of overlapping previously reported QTL of the same trait 1: Mao et al., 2013; 2: Wang et al., 2014; 3: Mao et al., 2013; 4: 
Pathan et al., 2013; 5: Eskandari et al., 2013; 6: Mao et al., 2013; Hyten et al., 2004; 7: Diers et al., 1992; 8: Wang et al., 2014; 
Reinprecht et al., 2006; Jun et al., 2008; 9: Chung et al., 2003; Warrington et al., 2015; 10: Jun et al., 2008; 11: Mao et al., 2013; 12: 
Brummer et al., 1997   
Reported 
QTLc
Population QTL Chrom LeftMarker RightMarker LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb
AX19286 Pro-1 2 Sat_351 Satt095 3.74 14.35 0.53 4.83 2.09 0.52
Pro-2 2 Satt701 Satt558 4.51 16.39 -0.50 3.04 2.16 -0.76 1
Pro-3 2 Satt274 Sat_202 3.09 12.57 1.02 2
Pro-4 3 Sat_266 Satt387 3.30 3.02 0.73 3
Pro-5 3 Sat_125 K494_1 3.47 3.14 -0.69
Pro-6 4 Sat_085 Sat_042 3.76 3.16 0.69
Pro-7 6 Satt227 Sat_062 3.24 12.91 -0.52
Pro-8 7 A060_2 A131_1 3.31 7.65 0.38 4
Pro-9 7 Satt245 Satt220 3.46 1.44 0.48 5
Pro-10 8 Sct_067 Sat_319 3.23 3.05 0.72
Pro-11 9 Sat_087 Satt242 3.33 2.96 0.74 6
Pro-12 10 Satt466 Satt241 3.25 3.15 -0.68
Pro-13 15 Satt369 Satt685 3.21 3.11 0.70
Pro-14 18 Satt163 Satt275 3.21 3.09 -0.71
Pro-15 19 Sat_191 Satt613 3.11 3.03 0.72 7
Pro-16 20 BLT053_4 Satt571 3.80 3.11 0.71 8
Pro-17 20 Satt239 SSR0272_1 3.95 6.79 0.38 9
AX19287 Pro-18 2 Sat_227 Sat_227 5.46 11.17 -2.00
Pro-19 4 Satt607 A519_3 4.15 6.41 -0.25
Pro-20 5 Satt385 BLT053_2 3.77 5.34 -1.11 10
Pro-21 6 Sat_263 Satt307 3.36 12.66 0.44
Pro-22 8 A117_1 Sat_250 3.92 3.73 -0.82
Pro-23 11 A702_1 Satt426 3.25 4.26 0.25 11
Pro-24 11 Satt426 A109_1 3.54 5.84 -0.27 4.96 8.64 -0.29 6.55 7.93 -0.35 12
Pro-25 13 Sat_262 Satt145 5.74 8.37 0.71
Environment
Inoculated Non-inoculated
Fruitland 2016 Hinds 2017 Bruner 2016 Leighton 2017
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Table 8. Identified seed oil QTL for populations AX19286 and AX19287 of Fusarium virguliforme inoculated Fruitland and Hinds 
and non-inoculated Bruner and Leighton.  
 
a Phenotypic variation explained by the identified QTL 
b Additive effect: parent contribution to trait QTL with a positive value signifying A95-684043 parent 
c References of overlapping previously reported QTL of the same trait 1: Qi et al., 2011, Specht et al., 2001, Han et al., 2015; 2: Chen 
et al., 2007; 3: Qi et al., 2011; 4: Mao et al., 2013; 5: Wang et al., 2014; 6: Han et al., 2015; 7: Wang et al., 2014; 8: Brummer et al., 
1997
Reported 
QTLc
Population QTL Chrom LeftMarker RightMarker LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb LOD
PVE 
(%)a
Add 
effectb
AX19286 Oil-1 1 Satt468 Satt436 3.37 2.27 -0.52 1
Oil-2 2 Sat_227 Sat_351 3.50 2.21 -0.49
Oil-3 2 Satt095 BE021153 8.40 1.72 0.35
Oil-4 2 BE475343 Sat_373 3.76 9.57 0.20
Oil-5 2 Sat_173 Satt701 3.33 2.13 -0.55
Oil-6 2 Satt157 Sat_173 5.85 15.93 -0.29
Oil-7 3 Satt257 Sat_306 3.22 2.09 0.56 2
Oil-8 6 Satt422 Satt305 3.32 2.19 -0.56
Oil-9 8 Sct_067 Satt207 3.96 2.15 0.57 3
Oil-10 8 Satt589 Sat_400 4.92 2.08 0.57 4
Oil-11 10 Satt478 Satt478 3.20 2.20 0.51
Oil-12 10 Sat_274 Sat_038 5.44 1.08 0.28 7.93 21.47 0.33 8.10 23.74 0.32 5
Oil-13 14 Satt083 Satt416 3.19 2.23 0.52
Oil-14 17 Sat_333 Sat_296 4.12 2.22 0.56
Oil-15 18 Sat_141 Satt570 3.39 2.27 0.51
Oil-16 18 Sat_163 Satt217 3.30 2.21 0.56
Oil-17 20 Satt354 A955_1 3.31 2.26 -0.51
Oil-18 20 Satt671 Sat_418 5.69 2.18 0.57 6
Oil-19 20 Sat_299 AQ851518 3.42 2.22 -0.53
AX19287 Oil-20 1 Sat_413 Satt184 6.89 5.55 -0.20 4.20 5.25 -0.18 3.80 4.31 -0.17 4.39 7.16 -0.25
Oil-21 4 Satt607 A519_3 9.76 9.54 0.26
Oil-22 4 Satt718 Satt139 5.81 11.71 0.29 7.56 10.30 0.26 8.54 11.87 0.30
Oil-23 5 Sat_171 Satt385 4.09 4.00 0.45
Oil-24 6 Sat_263 Satt307 3.30 10.13 -0.27 3.97 12.27 -0.28
Oil-25 10 Sat_274 Sat_038 22.08 23.19 0.40 16.51 25.71 0.41 9.70 8.90 0.23 7
Oil-26 10 Sat_038 A102_2 11.69 14.22 0.33
Oil-27 11 Sat_270 A702_1 3.69 6.59 -0.21
Oil-28 11 A702_1 Satt426 6.50 6.57 -0.21 4.38 4.83 -0.17 3.93 4.41 -0.18
Oil-29 11 Satt426 A109_1 6.88 7.18 0.21 5.51 6.30 0.21 8
Environment
Inoculated Non-inoculated
Fruitland 2016 Hinds 2017 Bruner 2016 Leighton 2017
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Figure 1. (continued) 
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Figure 1. Linkage map for chromosomes 4, 6, 10, 11, 17,18, and 20 for both populations 
(AX19286 and AX19287) identifying overlapping QTL in Fusarium virguliforme (Fv) 
inoculated and non-inoculated environments for the seed quality traits of germination, vigor, 
weight, protein, and oil content. Inoculated and non-inoculated environments are identified next 
to the QTL identified. 
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CHAPTER 4.    GENERAL CONCLUSION 
Soybeans have been around for thousands of years and are an important crop grown 
worldwide. Their seeds are rich in protein and oil content making them ideal for many uses. 
Preservation of soybean seed quality is important to producers, growers, and users of soybean. 
Environmental aspects, such as disease, influence soybean seed quality and studying these 
changes in the seed due to disease is important. Also, the study of quantitative trait loci 
controlling seed quality traits can help advance soybean progression for the future.  
The objectives of this study were to determine the effect of SDS on seed quality and 
agronomic traits of Fv inoculated and non-inoculated fields, and to identify genome regions 
associated with these traits in these different disease environments. This study found an increase 
in seed protein due to SDS. (Chapter 2). This finding is novel and further studied should confirm 
it. Even though SDS decreased soybean yield, our results showed that seed protein can increase 
under Fv pressure. These results are important for seed producers, because even when their seed 
fields become infected with Fv, the seeds protein can remain high. 
 There has been an increase in crop improvement over the years due to advancements in 
breeding techniques. Quantitative trait loci (QTL) mapping is one tool breeders can use to 
accelerate crop selections. QTL mapping has also helped breeders improve complex, multi-gene 
traits. QTL for seed traits such as seed protein, oil, and seed weight have been mapped in many 
soybean populations. Seed germination only had three QTL identified and seed vigor has had 
none (Grant et al., 2010). Our study explored QTL for seed germination, vigor, weight, protein, 
and oil in Fv inoculated and non-inoculated environments. This study identified 168 total QTL 
across two recombinant inbred line populations, from which many QTL were novel (Chapter 3).  
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This study was also the first to report QTL for seed vigor (Chapter 3). The results from this study 
are beneficial to breeders of soybean and can aid in worldwide soybean advancements.  
